ABSTRACT A number of organisms and organelles are capable of self-propulsion at the microand nano-scales. Production of simple man-made mimics of biological transportation systems may prove relevant to achieving movement in artificial cells and nano/micronscale robotics that
may be of biological and nanotechnological importance. We demonstrate the propulsion of particles based on catalytically controlled molecular self-assembly and fiber formation at the particle surface. Specifically, phosphatase enzymes (acting as the engine) are conjugated to a quantum dot (the vehicle), and are subsequently exposed to micellar aggregates (fuel), that upon biocatalytic dephosphorylation undergo fibrillar self-assembly, which in turn causes propulsion.
The motion of individual enzyme/quantum dot conjugates is followed directly using fluorescence microscopy. While overall movement remains random, the enzyme-conjugates exhibit significantly faster transport in the presence of the fiber forming system, compared to controls without fuel, a non-self-assembling substrate or a substrate which assembles into spherical, rather than fibrous structures upon enzymatic dephosphorylation. When increasing the concentration of the fiber-forming fuel, the speed of the conjugates increases compared to nonself-assembling substrate, although directionality remains random.
Self-propulsion of micro-and nano-scale objects is an area of research that has become increasingly popular in recent years as model systems of biological transport systems, to enable motility in cell mimics and more generally to study how chemical energy can be converted into mechanical energy. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] The inspiration for artificial 'nanomotors' comes from motile biological organisms and organelles. Biological systems use motor proteins and their associated filaments or 'tracks' for motility and transportation of cargo within the cell. Whole cells are also capable of directed movement using catalytic self-assembly mechanisms such as actin polymerization.
Actin polymerization and motor protein action are key examples of how biology converts chemical energy, in the form of a molecular fuel such as adenosine triphosphate (ATP), into mechanical energy to achieve motion.
The majority of examples of artificial self-propelled nanoscale and microscale objects employ non-biological components. The first catalytic motor was reported by Whitesides et al. using millimeter sized plates propelled at the air/water interface, by the decomposition of hydrogen peroxide on the platinum surface of the motor. 15 The mechanism of this system subsequently inspired the development of small scale (micro-and nanometer sized) motors based on the same principle. Indeed, smaller metallic catalytic motors have been studied widely for propulsion using metal catalysts, such as platinum in hydrogen peroxide solutions, by oxygen bubble, 2-4 electrochemical 5, 6 or surface tension-induced 7, 8 mechanisms. A recent example uses a combination of catalysis and polymerization to drive motion, giving rise to polymerizationpowered motors, achieved using ring opening metathesis polymerization (ROMP) at the particle surface.
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A number of synthetic/biological hybrid approaches incorporate biological catalysts to perform similar reactions to metal catalysts. Enzymes have a number of potential advantages in this regard due to selectivity, compatibility with aqueous conditions and their remarkable turnover rates. Based on the hydrogen peroxide propulsion discussed above, the enzymes glucose oxidase and catalase have been employed for the biocatalytic propulsion of artificial objects.
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Additionally a number of 'biohybrid' examples of artificial objects propelled by actin polymerization have been described. [16] [17] [18] Researchers have also taken advantage of biological components known for their inbuilt motor activity i.e. kinesin-microtubule and myosin-actin motor protein-filament pairs. 12, 13, 19, 20 Our approach originated in the observation that biocatalytic self-assembly provides a potential route to the production of a propulsion mechanism. We previously demonstrated that during the catalytic formation of self-assembly building blocks, in this cased produced by enzymatic condensation of non-assembling precursors to produce a self-assembling aromatic peptide amphiphile, catalysis and self-assembly is co-localised. This is especially the case if the selfassembling molecule produced has a poor solubility, giving rise to a kinetic preference to assemble locally, at the site of formation. 21 A similar localized catalytic assembly effect was recently exploited for localized catalytic gelation by Van Esch and colleagues, 22 and also underpinned the formation of localized nanoscale networks produced by biocatalytic assembly by phosphatase enzymes at the cell surface by Xu et al. 23 The above observations were made by using catalysts immobilized onto synthetic or biological surfaces. We decided to investigate whether propulsion could be achieved by adapting this approach to particles to achieve propulsion which is inspired by actin polymerization, but is much simpler and potentially more versatile considering the wide variety of enzymatic systems that could potentially be exploited.
Thus, we develop a biohybrid motor which incorporates the efficiency and selectivity of biological catalysis, to trigger a self-assembly-based propulsion mechanism. Instead of the polymerization of actin monomers into filaments, smaller aromatic dipeptide amphiphiles are investigated for biocatalyzed supramolecular self-assembly into fibrous structures and consequent propulsion. Previously, self-assembly of dipeptides was reported by Matsui et al. for the autonomous propulsion of metal organic frameworks (MOF). 24 In this case propulsion was powered by the reorganization of self-assembling peptides (diphenylalanine, FF 25 ) at the MOF interface (whereby the MOF acts as a reservoir and release device for the dipeptide fuel) in comparison with our biocatalytic approach.
Aromatic peptide amphiphiles are short peptides that are capped with an aromatic N-terminal group e.g. Fmoc, napthalene or pyrene. [26] [27] [28] [29] [30] [31] Self-assembly of these molecules is a result of aromatic stacking interactions between the aromatic groups and hydrogen bonding between peptide chains. [32] [33] [34] Biocatalytic self-assembly has been reported over recent years with a variety of enzymes and peptidic substrates. 35, 36 Aromatic amphiphiles offer a versatile platform for biocatalytic selfassembly due to their chemical simplicity they can be easily synthesized and functionalized with groups recognized as substrates. In particular, incorporation of phosphorylated tyrosine groups which can be cleaved by alkaline phosphatase, dramatically changes the hydro-phobic/philic balance, enabling conversion of non-assembling precursors to self-assembly building blocks.
Phosphatase triggered self-assembly was first reported by Xu et al 37, 38 for fluorenyl functionalized phosphorylated tyrosine residues (Fmoc-pY). Since this early report, biocatalytically triggered self-assembly of aromatic peptide amphiphiles has developed into an active field, with examples studied in the context of biomedical, electronic and drug delivery applications, but so far it has not been associated with motility applications.
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Here we investigate the propulsion of the enzyme alkaline phosphatase (EC. 3.1.
3.1) from
Escherichia coli, using the biocatalytically induced self-assembly of an aromatic peptide amphiphile, fluorenylmethoxycarbonyl-phenylalanine-phosphotyrosine(Fmoc-FpY) 39, 42, 45 (1a) -see Figure 1 . The amphiphilic nature of 1a results in formation of spherical micelle structures in water. 45 Enzymatic removal of the charged tyrosine phosphate group, leads to the dephosphorylated product 1b (Figure 1 .), which self-assembles into -sheet-like fibrous nanostructures, as described previously. 45 In order to determine and analyze the motion of the enzyme conjugates a method was required to track the conjugates over time by visualizing individual vehicles. In principle this can be achieved by labeling the enzyme to enable observation via fluorescence microscopy. It is a significant challenge to visualize and track single nanosized objects in a three dimensional, potentially optically turbid environment, compared for example to studies of particle tracking confined to surfaces or interfaces i.e. a 2D environment. Methods for visualization of single proteins include labeling them with organic fluorophores, 46 genetic fusion with a naturally fluorescing protein 47 or conjugation to nano-or micro-sized fluorescent particles. [48] [49] [50] Organic fluorophores generally result in insufficient fluorescence emission for adequate time resolution for single molecule tracking, 51 and may suffer from considerable photobleaching after only a few minutes illumination. 52 Conjugation to micron-sized particles, though more easily trackable by optical microscopy, would involve a significant load on the biomolecule potentially resulting in sedimentation rather than Brownian diffusion. Nanoparticles (NPs), on the other hand, are comparable in size to many proteins. Metal NPs, i.e. gold or silver are useful for tracking using optical phase contrast or differential interference contrast (DIC) microscopy, 53 however they do not emit light so are unsuitable for fluorescence microscopy. 48, 51 Nanosized semiconductor quantum dots (QDs) 54 have a number of advantages for microscopy imaging applications, compared to organic fluorophores and fluorescent proteins, resulting in their potential for use in suspension: QDs are 10-100 times brighter, due to their large molar extinction coefficients between 0.5-5x10 6 M -1 cm
52,55,56 and they are generally highly photostable, enabling long-term tracking. 55, 57 Therefore in this study we make use of enzyme-QD conjugates for tracking and visualization. The specific objectives of this work are (i) to produce bioactive QD-enzyme conjugates, (ii) track their motion in response to three different phosphorylated fuels a fiber assembling unidirectional substrate (1a), nondirectional sphere assembling (3a) and non-assembling p-nitrophenyl phosphate (2a) and (iii) determine the effect of fuel concentration on motility (1a).
Results and Discussion

Enzyme-QD conjugation
The first objective was to conjugate the enzyme to the QD for visualization in such a way that neither enzyme activity nor QD fluorescence are compromised. Alkaline phosphatase from
Escherichia coli was conjugated to 655 nm carboxyl-functionalized quantum dots via EDC Figure S1 ) then purified by multiple wash steps, followed by filtration and centrifugation to remove free enzyme and coupling reagents. To ensure all free/unreacted enzyme had been removed from the conjugate the purification wash samples were analyzed using a colorimetric assay ( Figure S2 ) consisting of dephosphorylation of the substrate pnitrophenyl phosphate, resulting in a yellow color change which can be monitored at 410 nm by UV-VIS spectroscopy. After 8-12 washes the absorbance of the wash at 410 nm was reduced to the value obtained for the negative control, confirming that all free phosphatase had been removed.
The enzyme-QD conjugates were subsequently characterized by dynamic light scattering (DLS) ( Figure S1 ). Before conjugation, the average hydrodynamic radius of alkaline phosphatase and
QDs were found to be approximately 8 nm and 10 nm respectively, (in agreement with the dimensions for the crystal structure of alkaline phosphatase 10x5x5 nm 58 and 12x6 nm for free QDs, as quoted by manufacturer). DLS of the conjugate (QD-AP) solution revealed a hydrodynamic radius centered around 17 nm along with a larger size distribution ranging between 2-150 nm hydrodynamic radius ( Figure S1 ).
The fluorescence emission spectra of the free QDs and the QD-AP conjugate were compared to
show that the maximum emission of the QDs ( max = 650 nm) was unaffected by the conjugation ( Figure S1 ). We estimate that there is approximately a 2.8:1 ratio of QD to enzyme in the QD-AP conjugate solution, assuming that the base activity of the enzyme and the fluorescence emission intensity of the QDs are unaffected by the conjugation reaction (see figures S5, S9 and S11 for method used to estimate QD-AP ratio and batch variation). Long term stability of the conjugates was measured via the rate of p-nitrophenyl phosphate dephosphorylation (i.e. the change in absorbance at 410 nm over time), showing steady activity over at least eight weeks, when stored below 4 °C ( Figure S6 ).
Enzyme-conjugate tracking analysis
Fluorescence microscopy was used to visualize solutions containing QD-AP conjugates. In order to visualize and track single conjugates, an EMCCD camera fitted with a 650/60nm optical filter was employed. The excitation wavelength chosen for this study was 435 nm (lower wavelengths e.g. 365 nm can also be used, however a compromise must be made between more efficient excitation of QDs at lower wavelengths and background fluorescence/scattering issues due to the fluorescent nature of the self-assembling fuels in the UV range). Two batches of QD-AP conjugates were used to accumulate all of the data presented (the effect of batch variation is discussed further below and in figures S5, S9 and S11). We note that individual experiments are the average speed of particles per video stayed constant over time, the frame-to-frame speed data for all frames was combined and an overall distribution of speeds and average overall value was obtained. The number of particles tracked is thus a combination of repeated experiments, and the nature of the experiment allows for specific particles to be counted multiple times as new particles if they leave the focal plane then return at a later time point. Video microscopy carried out in this way provides a wealth of data: while further detailed statistical analysis will be presented elsewhere, in this paper we focus on the distribution of frame-to-frame speeds, to determine whether motion is enhanced in the biocatalytic self-assembling system, i.e. whether biocatalytic self-assembly can be employed to achieve nanoscale propulsion.
Example trajectories of tracked conjugates for the self-assembling 1a and non-self-assembling 2a substrates are shown in Figure 2 . Trajectory examples for the nondirectional self-assembling substrate (3a) and for the control (no substrate) are shown in Figure S7 . Clearly motion remains diffusive on the length-scale (microns) and time-scale (seconds) observed here. This is entirely expected: micellar substrate fuel molecules will be encountered at random by the QD-AP conjugates and bursts of motion driven by fibre assembly will be in random directions. However, Figure S10 . This implies that indeed fiber formation i.e. asymmetric unidirectional selfassembly, by 1a converting to 1b is responsible for the enhanced diffusion (Figure 3 .).
Moreover, Figure 4 . shows that for fuel (1a) the frame-to-frame speed distribution shifts to faster speeds with fuel concentration (at least up to 10 mM fuel concentration, see below for further discussion of behavior at higher fuel concentration) while with non-self-assembling fuel (2a) measured average speed is independent of fuel concentration. Diffusion coefficient (D) values for conjugates were determined using the average mean square displacement (MSD) of conjugate populations using the following equation:
The average diffusion coefficient values for QD-AP conjugates without fuel and in the presence of 10 mM 1a, 2a and 3a were found to be 1. While average speeds and average diffusion coefficients are informative, the DLS analysis of the conjugate clearly revealed a range of conjugate sizes, so within a population a range of rates of motion can be expected. In Figure 3 we compare frame-to-frame speed distributions for the selfassembling and non-self-assembling substrates (at 10mM fuel concentration) and the no-fuel control. The self-assembling fuel 1a shows a clear and significant population of faster particles compared to the no fuel control, the self-assembling control (3a) and non-self-assembling fuel (2a); moreover the peak in the speed distribution is significantly shifted to higher values ( Figure   3 ), further supporting the case that biocatalytic self-assembly into fibrous structures drives enhanced motion. QD-AP conjugates from the same batch are used in all experiments; hence the distribution of sizes of conjugates and how many enzymes are attached per QD will be statistically similar for all different substrates: if motion were not enhanced by the presence of the fiber forming fuel substrate, we would expect to see overlapping distributions for all cases in Figure 3 .
While we see a clear increase in enhancement of motion with increasing fiber self-assembling fuel (1a) concentration between 5mM and 10mM and frame-to-frame speed distributions exhibit populations of conjugates moving at faster rates compared to non-self-assembling fuel (2a) (Figure 4 ). Interestingly at 20mM 1a the frame-to-frame speed distribution reverts to slower conjugates, however speeds remain enhanced compared to the control and non-self-assembling fuel, they are reduced compared to 10mM fiber-assembling fuel 1a (Figure 4) . Given the lack of information about the detailed mechanism, the dependence on fuel concentration is difficult to explain definitively; however it is worth noting that at higher concentrations of 1a e.g. 16mM,
Fmoc-FpY self-assembly has been observed to occur without catalysis. 60 This would imply that at higher concentration some proportion of the 'fuel' was unavailable since it had already converted to a self-assembled nano-rod state. In addition, increased viscosity may play a role here which counteracts the increase in fuel concentration.
In Figure S8 , frame-to-frame speed distributions of two enzyme-conjugate batches are compared (with 10 mM 1a), to illustrate that batch-to-batch variations exist. Faster conjugates are observed for the more active (in terms of p-nitrophenyl phosphate turnover) QD-AP (batch 3) ( Figure S5 ).
Differences in activity are likely due to differences in the degree of conjugation of enzyme to QDs (batch variation shows QD:AP ratios of 2.8:1 vs. 13:1 (see S11)). Additionally experimental repeatability is confirmed for QD-AP conjugates (batch 6), with 10 mM 1a, performed on different days (Fig. S8 ).
Significant questions remain as to the details of the mechanism of propulsion. Efforts to simultaneously visualize a conjugate and the self-assembly into fibers were not successful. While
Fmoc-based fiber systems do not fluoresce at an accessible wavelength, extrinsic staining methods using thioflavin T and congo red have proven insufficient to visualize dilute samples containing localized regions of short fiber growth. In future, it may be possible to use high resolution methods, such as Stochastic Optical Reconstruction Microscopy (STORM) confocal microscopy to image fibril formation in real time. 61 However, given the trajectories shown, it appears that individual fiber-growth propulsion 'events' take place on very short timescales, and that the overall enhanced motion, observed here on micron length-scales and time-scales of seconds, is the result of many of these events, each one providing a small extra 'impulse' in the conjugate's random walk. Direct visualization of such short-timescale and nm-length scale events would be a major challenge. Methods to measure forces involved during the self-assembly process and the propelled motion, such as via optical tweezing or force microscopy, perhaps offer one way to further investigate and refine the mechanism at the level of a single driven conjugate.
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Conclusions
In summary it has been shown that the diffusive transport of alkaline phosphatase-quantum dot conjugates is enhanced by the addition of a self-assembling fuel 1a. The fiber self-assembling fuel, 1a is dephosphorylated by the enzyme to 1b, which facilitates fiber formation, in turn propelling alkaline phosphatase-QD conjugates and leading to enhanced motion. In the case of the self-assembling control 3a, which assembles into spherical aggregates rather than fibrous structures, enhanced diffusion was not observed. This leads to the conclusion that, with fibers potentially providing a higher surface tension gradient compared to spherical aggregates and thus increased directed propulsive force, asymmetric growth of self-assembled 1b molecules into linear fibers is essential for the nanopropulsion of QD-AP conjugates.
Such a system could be used for cargo transportation, nano-separation of enzymes and also potentially allows information to be gained on enzyme motion and forces during catalysis.
Control of enhanced motion could be realized using gradients of self-assembling fuel concentration or, in analogy to microtubule cytoskeleton in biology, 'templated' tracks releasing local supplies of fuel. Moreover, by designing different peptide fuel-enzyme motor pairs, where motors have affinity to different molecular or particulate cargo, one could realize systems of highly selective driven nanoscale transport, with all the efficiency and selectivity advantages of biological catalysts. Finally, enzyme-peptide systems are also available with dynamically unstable self-assembly, 31 potentially enabling 'recharging' of fuel.
Figure 1. A)
Scheme illustrating an alkaline phosphatase-quantum dot conjugate propelled by the biocatalytic transformation of micellar fuel molecules of 1a into fiber structures of 1b (scheme not to scale). B) Key illustrating alkaline phosphatase-QD conjugates and micellar fuel molecules of Fmoc-FpY (1a), including a general biocatalytic dephosphorylation reaction for all fuels. C) i) Fiber assembling fuel 1a, ii) non-self-assembling control fuel 2a; and iii) sphere assembling fuel 3a, converted by QD-AP to 1b, 2b, and 3b respectively. TEM images of fibers and spheres obtained using free AP (scale bars = 200 nm). Each connected pair of data points represents the distance travelled between subsequent frames. This data is then used to calculate the 'frame-to-frame' speed. C) Composites of separate example trajectories for QD-AP with no fuel and in the presence of 10mM 1a (other control trajectories can be found in Figure  S7) ). 
METHODS
All reagents were purchased from commercial sources at the highest purity and were used as Instruments SAS, Dourdan, France), and AFM scans were taken at 512 x 512 pixels resolution.
Typical scanning parameters were as follows: tapping frequency 308 kHz, integral and proportional gains 0.3 and 0.5, respectively, set point 0.5 -0.8 V and scanning speed 1.0 Hz. The images were analyzed using Veeco Image Analysis software Version 6.14r1.
Fluorescence spectroscopy
Fluorescence emission spectra were measured on a Jasco FP-6500 spectrofluorometer with light measured orthogonally to the excitation light, with excitation at 295 nm and emission data range between 300 and 600 nm for Fmoc-dipeptide samples. For QD/QD-AP samples excitation was 435 nm, bandwidth 3 nm and emission range between 450-700 nm.
Motility assays
Optical tracking motility experiments were performed using a 35 mm glass bottom dish (Ibidi®).
60 L of the motility buffer (0.6 M pH 9 phosphate buffer) containing QD-AP conjugates in 5 mM fuel (Fmoc-FpY 1a, p-nitrophenol phosphate 2a, Fmoc-pYQ 3a or no fuel) was added to the well in the glass bottom dish. A glass coverslip (22x22 mm) was placed over the well and immersion oil was added to the coverslip for use with 100x oil immersion objective.
Optical imaging
Video acquisition was performed using a fluorescence microscope (Nikon Eclipse LV100) with a 100x oil immersion 0.5-1.3 NA objective (Nikon Plan Fluor), combined with an AndoriXon+ 897 EMCCD camera fitted with a 650/60 nm optical filter (Semrock) to capture the signals from the quantum dots. Excitation of quantum dots was performed by a halogen lamp combined with a 435 nm optical filter (Semrock). Videos were obtained in kinetic acquisition mode with typically 23 frames s -1 . We define 'frame-to-frame speed as the speed measured over a 10 frame interval
i.e. frames 1-10; 2-11; 3-12 etc.
Video analysis and processing
Single particle tracking was performed using an in-house programme on MATLAB (Mathworks, Natick, MA). Particle identification and tracking software was used to gather information on trajectories of QDs identified in the plane of focus in a given recorded video. This identification software was based on original IDL code by John Crocker and David Grier. 65 In each frame of a recorded video, QDs are identified based on the intensity of light emitted compared to the rest of the sample being viewed. Based on the position, apparent shape, size and intensity of a given identified QD, it is assigned an identification number. This allows data to be gathered on multiple QDs simultaneously. The tracking software then calculates the frame-to-frame displacement of each identified QD within the field of view, over the entire video or until it moves out of the plane of focus.
Cryo TEM Three microlitres of the sample was transferred onto a thin film grid of 100-200 nm. The grid was then plunged into liquid ethane (temperatures below -170 °C) and transferred to a GATAN 626 cryoholder and imaged using a JEOL 2100 transmission electron microscope fitted with a GATAN 4K Ultra scan camera. The cryo TEM analysis was carried out at Unilever, Bedford.
HPLC
A Dionex P680 HPLC system equipped with a Macherey-Nagel C18 column of 250 mm length, 4.6 mm internal diameter and 5 mm particle size was used to analyze the mixtures of peptide derivatives. The gradient used was a linear exchange between 40% acetonitrile in water at 4 min to 100% acetonitrile at 31 min using a flow rate of 0.7 ml/min and detection wavelength of 301
nm. Sample preparation: 20 l of sample plus acetonitrile/water (1.5 ml, 50:50 v/v mixture) containing 0.1% trifluoroacetic acid.
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